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SUMMARY 
The Advanced Film Cooling Rig (AFCR) test was a program to develop a thermal imaging 
camera system to measure the effectiveness of multihole film cooling. This system was 
used to evaluate low-thermal conductivity ceramic test panels incorporating a wide range 
of multihole cooling geometries. Tests were conducted with a mainstream flow of 600°F 
at Mach numbers of 0.37 and 1.57. Coolant flow was controlled to give a blowing 
parameter variation of up to 2.9. Data reduction techniques are given for camera 
calibration, rig temperature reflection correction, and deriving surface temperatures from 
video images. Results are presented in terms of overall and film cooling effectiveness 
distributions. A one-dimensional analysis of a unit film cooling hole was performed to 
generate film temperature. 
1 
INTRODUCTION 
The Advanced Film Cooling Rig (AFCR) test was a program to evaluate the effectiveness 
of multihole film cooling for a wide range of test geometries. Multihole film cooling is a 
specific method of introducing and metering film cooling flow by laser drilling numerous 
shaped and angled holes through the material to be cooled. It is attractive due to its 
metering flexibility, and adaptability to specialized geometries and materials under 
consideration in advanced exhaust systems. The AFCR hardware, Figure l, was 
configured to test a variety of film cooling geometries at the NASA/Lewis' ECRL2A test 
facility. The rig provides heated flow heated flow simulation of main turbojet or turbofan 
exhaust, a separately controlled secondary air supply simulating the cooling flow, 
mounting provisions for interchangeable test samples to evaluate different geometries, and 
a thermal imaging access port to collect data for assessment of cooling effectiveness. 
A test matrix was conducted to evaluate the primary operational and design variables that 
influence multihole film cooling effectiveness. The effects of hole spacing, hole angle, 
hole shape, and free stream Mach number were studied. A unique feature of this test was 
the use of an thermal imaging camera to "measure" surface temperature of the test panels 
which were fabricated from a low thermal conductivity ceramic that precluded installation 
of thermocouples. The thermal imaging camera provided the means to determine 
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temperature profiles on the panels much more accurately than would be possible with 
conventional instrumentation. The filmed cooled sample panels have 6-in. x 6-in. surface 
dimensions. Primary flow was maintained at 40 psia total pressure, 600° F total 
temperature, and Mach numbers of 0.37 and 1.57. Secondary (coolant) flow was 
controlled to give a blowing parameter variation up to 2.9. 
3 
EXPERIMENTAL APPARATUS 
The AFCR provided the means for carefully controlled evaluation of film cooling 
effectiveness for a range of multihole test panels and simulated engine operating 
conditions. This experimental process involved test panels with systematic variation of 
design parameters, highly specialized instrumentation, and a unique data acquisition 
system. Unique instrument calibration and data reduction techniques were also developed 
and employed to ensure consistent results. 
Test Facility - The test program was conducted in the NASA Lewis Research Center 
High-Temperature Test Facility (ECRL2A), Reference I. Part of the mainstream air is 
burned with natural gas fuel and then mixed with the remaining mainstream air to provide 
600° F air temperature in the AFCR test section. Downstream of the AFCR, the burned air 
is quenched with water spray and then exhausted to the atmosphere. Secondary air for film 
cooling was supplied at 65 to 90° F through either a I-inch line (low-flow) or a 2-inch line 
(high-flow). 
Advanced Film Cooling Rig - The AFCR, Figure 1, is comprised of a rectangular cross-
section bellmouth, a transition section, a convergent/divergent nozzle a 3.4-inch x 8.0-inch 
constant-area test section and an optional convergent nozzle. Stainless steel construction is 
used except for the bellmouth which is Inconel. Subsonic flow is obtained with the 
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convergent nozzle installed; supersonic flow with the nozzle out. The test section has 
multi-hole test panels on one side and a zinc selenide (Zn Se) window for thermal image 
viewing on the other. 
Multihole Film Cooling Test Panels - Interchangeable test panels were fabricated to 
allow evaluation of the following design geometry parameters: 
• Hole spacing to diameter ratio (SD value - symbols are defined in Appendix A). 
• Hole inclination angle relative to the panel surface, where 90 deg is 
perpendicular to the flow, 0 deg is parallel. 
• Spanwise flow injection angle (relative to mainstream flow) 
• Hole shapes: cylindrical (normal round holes), conical and trapezoidal. 
A typical panel description is of the form "SD5-20x45" where 5 refers to SD, 20 refers to 
axial inclination angle, and 45 to spanwise rotation .. Average hole diameter per panel 
varied from 0.018 to 0.020 inches (inlet diameter for non-round hole shapes), so the SD 
value changes were achieved by varying spacing of the laser-drilled hole arrays. Typical 
designs for cylindrical, conical-shaped, and trapezoidal-shaped holes, Figures 2 through 4, 
respectively, show how size was varied to maintain a nearly constant flowrate per hole, 
independent of shape. The test panels are made of low thermal conductivity ceramic 
material having a 0.1-inch thickness and a 6x6-inch surface. The thermal conductivity was 
temperature dependent and varied between 1.18 and 1.32 Btu/hr-ft-0 R. The figures show 
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that a 5.25-inch x 5.25-inch square is available for hole patterns. In addition, a metal panel 
using a SD5-20x0 hole pattern and incorporating a surface wall temperature measurement 
was used to calibrate the thermal imaging camera system. 
Instrumentation - Instrumentation was located to measure all quantities needed to 
accurately calculate parameters used to define cooling effectiveness. These parameters are: 
• Overall Cooling Effectiveness, 
1loA = {T1,o -Tp)l{T1,G - T1,ci) 
• Blowing Parameter, 
BP = (W cJI AcJJl(W d Ac;) 
• Total Flow Blowing Parameter, 
BPTRAN = (W clap)/W d Ao) 
Ac.His the minimum flow area per hole. Coolant flow per hole is used for BP while total 
coolant flow is used for BPTRAN (transpiration). For supersonic primary flow tests, the 
overall cooling effectiveness was defined as above and recovery temperature was not used. 
To define hot mainstream conditions, two total pressure and two total temperature rakes, 
consisting of a combine total of 10 pressure probes and 10 shielded thermocouples {T /C's), 
were located at the rig entrance. Static pressure taps and wall T/C's were located along the 
test section wall, as illustrated in Figure 5. Twenty-seven (27) ceramic well T/C's were 
embedded in the metal rig walls to measure adiabatic wall temperature. Thirteen (13) 
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T/C's were welded to the metal rig walls to measure rig wall temperatures. Six (6) total-
pressure and eight (8) temperature probes were installed in the coolant air supply plenum to 
measure average coolant entrance conditions required to calculate film effectiveness. 
Location of the coolant temperature probes were approximately three inches from the test 
panel. A venturi was used to measure the mainstream airflow to the facility burner, and 
orifice plates were used to measure the mixing mainstream airflow, the 1-inch and 2-inch 
line secondary flows, and the natural gas flow to the burner. The test section gas flow is a 
summation of mainstream burner air, mixing air, and natural gas flows. The ceramic well 
T/C's were unable to measure the adiabatic surface temperature downstream of the test 
panels because of heat conduction from the rig's metal walls. Cooling effectiveness 
downstream of the panels could therefore not be evaluated. 
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Thermal Imaging Camera System - An lnframetrics Model 525 Thermal Imaging 
Camera with a HgCdTe detector with a spectral range of 8-12µm was employed for the 
measurement of incident radiant energy required to calculate surface temperatures. The 
thermal imaging camera provided spatial images of the test panel in units of Gray Value 
(GV) per pixel, that were then converted to surface temperature maps. Accurate 
conversion of incident radiant energy to temperature is only possible when surface 
emissions can be separated from all other energy sources. This requires a thorough 
understanding of and accounting for several independent sources of radiative energy that 
comprise the energy incident on the camera. 
A schematic diagram of the AFCR test section, Figure 6, illustrates all the radiative sources 
that must be considered to accurately determine temperature. As shown, measured incident 
energy is composed of four (4) terms: 
(1) 
The total radiant heat flux, qr, is the sum of all the 8-12µm wavelength radiant energy 
directed along a path from a sample panel surface pixel to the camera detector. The 
sources are reflected radiation from the rig, the emitted radiation from the sample itself, as 
well as emitted radiation from the hot gas and the viewing window. 
The objective was to maximize the percentage contribution of the direct energy term, qp, 
since the other three terms represent sources of uncertainty, and therefore potential error. 
8 
For this reason, the AFCR was designed so that Ch.eii, qG, and qw would have minimal 
contributions to total energy measured. 
To minimize Ch.e11, a high emissivity (low reflectivity) paint was used on the rig and the test 
panels. The emissivity of the paint was 0.94. Gas emissions were minimized by two 
means: 
• By burning a clean, non-soot producing fuel (natural gas). 
• By looking "through" the gas instead of at it. This was achieved by 
using a bandpass filter to limit energy viewed to the 8.5 - 12µm 
wavelength region where CO2 and H20 emittance and absorptance are 
negligable. 
Finally, window emissions were minimized by using a ZnSe window with extremely low 
absorption coefficients from 8 to 12 µm. 
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DATA REDUCTION 
Thermal Imaging Camera Calibration - As previously stated, the thermal imaging 
camera measures total radiant heat flux ( equation 1 ). 
In order to 'back out' the panel temperature, T,, qp had to be separated from qT. This was 
accomplished by calibrating the thermal imaging camera's measured value, qT, relative to 
a thermocouple measured surface temperature within the Field of View (FOV). The 
derivation for the calibration follows. First, the details of each radiation source in Equation 
1 are expanded as follows: 
where qG is zero. 
The test procedure was to hold gas stream temperature (and hence, rig and 
window temperature) constant, while varying coolant flow (and therefore sample panel 
temperature). When this occurs, the panel reflections, gas emissions, and window 
emissions remain constant, and only the direct sample panel emissions (the desired 
measurand) vary as coolant conditions are changed: 
qr= cl+ Tw[EApwlb(T)]p 
where C 1 is a constant. 
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(3) 
This is the equation for energy incident on the thermal imaging camera as a function of 
sample (TIC indicated) temperature. The output of the thermal imaging camera is a gray 
scale, black and white image. Each pixel of the image is digitized and assigned a number 
between O and 255 called gray value. 
The GV is related to incident thermal energy as follows: 
GV = C2 + C3*qT (4) 
where C2 and C3 are constants related to the camera. 
It can be seen from the above equation that detector output is merely proportional to 
incident thermal energy. Equations 3 and 4 can be combined and manipulated to yield 
GV = C4 + C5* Ib(Tp) (5) 
where 'tw and Ep, which are not functions of T p, have been incorporated into new constants. 
There are two unknowns (C4 and C5), therefore two GV's and their corresponding surface 
temperatures are required to completely define the calibration of thermal imaging camera 
output as a function of surface temperature. In practice, however, a least squares fit of all 
available data points was used to minimize the average prediction error. 
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There are no TC's on the ceramic test specimens, therefore, rig TC's must be relied on for 
thermal imaging camera calibration. Furthermore, typical panel surface temperatures range 
from l 50°F (max coolant flow point) to 550°F (zero coolant flow), while the rig surface 
temperatures downstream of the panel range from 300°F to 575°F. Thus, for a typical 
panel, there are no calibration TIC data points in the 150°F to 300°F range. This gap is 
filled in by using Equation 5 to determine constants C4 and CS from known calibration 
measurements and then applying Equation 5 over the l 50°F to 300°F range. 
The accuracy of this method is shown in Figure 7. A metal panel having a SD5-20 hole 
pattern was used for the calibration. While maintaining the 600°F mainstream 
temperature, coolant flow was varied, resulting in a range of blowing parameters of 3. 7 to 0 
and a range of panel temperatures of 75°F to 550°F. Figure 8 shows the calibration panel 
TIC location along with two of the downstream rig metal TIC's. Constants C4 and C5 
were determined with two sets of temperature ranges -- 300°F to 500°F for the ceramic 
panel data and 75°F to 550°F which is all of the available data. The resulting two 
calibration curves are compared in Figure 7, and their difference is considered acceptable. 
One thermal imaging camera power setting CPS cannot always capture the entire 
temperature span being viewed; therefore, it is necessary to use two amplification settings, 
one for colder images and one for hotter images. The cold setting is corrected to the hot 
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setting gray values. Corrected GV refers to the resulting GV from this adjustment process, 
and those are the values shown in Figure 7. 
Rig Temperature Reflection Correction - Figure 9 shows two calibration curves; the 
upper curve (higher energy) is for T/C's located on the rig, while the lower curve is for a 
TIC on a metal film cooling panel used for thermal imaging camera calibrations. The 
difference between these curves is due to differences in total energy received by the 
detector (qT). It was necessary to determine which of the qTcomponents (see Equation 1) 
was responsible for the energy difference observed in Figure 9. Because the rig and panel 
surfaces are being compared at equal surface temperatures, and their emissivities are equal 
(same paint), the direct energy from these surfaces must be equal. Many experiments and 
calculations were performed to eliminate window and gas emissions as possible causes of 
the GV difference. Close examination of the data revealed that the problem was due to 
reflections from the sample. It was determined that the reflection profile from the rig, 
Figure 10, is specular in nature. This specular reflection is seen only when a line of sight 
from the camera to the metal panel or rig in the direct field of view intersects the top rig 
wall (after one specular bounce). If the line of sight, after one bounce, intersects the non-
emitting windows, no specular reflection is seen by the thermal imaging camera. 
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The specular reflection profile in Figure 10 illustrates this qualitatively. Examination of 
thermal imaging camera data showed that the step from specular reflections to no specular 
reflections occurs on the rig, between the sample trailing edge and the rig TIC. This means 
that the difference in gray values between the rig TIC curve and the metal calibration panel 
curve (Figure 9), at constant surface temperature, is the specular reflection difference 
between the rig and any film cooling panel. This is important for the following reasons. 
The calibration curve generated from the rig TIC is present for every panel run. The 
calibration curve is required for each panel because the thermal imaging camera GV vs. 
surface temperature relationship changes from day to day as a result of thermal imaging 
camera temperature variation (ambient) and thermal imaging camera electronic drift. 
Data Reduction Methodology -The thermal imaging camera data reduction methodology 
is shown in flow diagram form in Figure 11. The methodology is described as follows: 
First, fifteen (15) video frames are averaged together, on a pixel by pixel basis, to reduce 
noise. The averaged images are used for several tasks. The pixels' locations are related to 
corresponding rig locations by low emissivity markers within the camera field of view. 
Important features, such as TIC locations, sample leading and trailing edges, and the first 
and last rows of holes are located in relation to their corresponding pixels. 
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Simultaneously, a GVCPS2 to GVCPS1 (gray values at two different camera power 
settings) map is generated. This is accomplished by recording the same data image, or 
temperature vs. x-location (axial) image, at both amplification (power) settings. The 
spatially overlapping points which are not outside of the thermal imaging camera's 
allowable range (due to amplification) are used to adjust the images to the same scale. 
The location information, the amplification adjustment, and the images are used together to 
generate the previously described calibration curve. This calibration along with span-
averaged images are finally reduced into a temperature vs. rig axial location data set. 
Cooling Effectiveness - The overall cooling effectiveness was calculated from the 
measured wall, gas, and coolant temperatures as follows: 
lloA = (Tt.o-Tp)/(Tt.G -Tt,cJ 
Film effectiveness is defined as: 
Tl F= CT1,o -Tr)IT1,G - Tt.eo) 
where Tr= Taw (adiabatic wall). 
Mainstream gas recovery temperature was not used for the supersonic flow evaluations. 
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The only way to come up with a film temperature Tr on the test panels is to calculate the 
value from the ceramic panel wall temperature. A one-dimensional analysis of a unit film 
cooling hole was performed to generate a film temperature and therefore, film effectiveness 
values for each panel. 
The one-dimensional heat transfer approximation shown in Figme 12 is used to calculate 
average film temperature, heat flux and coolant temperature rise from input surface, 
coolant and gas temperatures and flow conditions. The method uses the same boundary 
conditions (heat transfer coefficients and areas) that would be used in a 3-D analysis. 
However, the conduction is modeled with an equivalent thickness or effective conduction 
path length, Le. 
Le= (Li+~ l:i + t2 ) I 2 
where L1 is the maximum length between hole center and adiabatic boundary approximated 
by a cylinder of surface radius L1 about the cooling hole centerline. 
The governing equations used to calculate the film temperature from wall temperature are 
as follows: 
Q = brae* (Tr-Tp) 
Q = ~a/Le* (TP -TJ 
Q = ~ ac * (Te-T,,c) 
Q = We CPc * (T1,co - T1,ci) 
Tt.c = (T 1,ci + T 1,co) /2 
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The above five equations are assembled into a matrix and solved simultaneously for the 
five unknowns: Tr, Tc, Tt.e• Tt.co and Q. 
The film face heat transfer coefficient, hr, is calculated from the Stanton number 
determination given in Reference 2. 
Str = 0.038 BP0·28 /(SID) 
The heat transfer coefficient is then 
The coolant side heat transfer coefficient, ~. has two parts---the convection transfer with 
the panel as coolant approaches a hole, ~ and in the hole itself, 11.i. The hole approach is 
from Reference 3: 
~=NUai,KjS 
where N~ = 2.88 Re0·45 Pre l/3 and Re = weH/(µeS). 
The mean heat transfer coefficient within a hole,~. is calculated from data of Ref. 4. 
hH = hm (1 + l .683(LH/D)-0.s77) 
where hrn is for fully developed flow, LH/D>3, and 7000<R~<70000. 
For fully developed flow, Reference 5 is used: 
hrn = NUrn K.: LH, 
with Nurn = 0.023 ReHD 0·8 Pre 113 
The coolant side coefficient is then: 
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RESULTS AND DISCUSSION 
Test Matrix - The test matrix, Figure 13, was comprised of a combination of hole spacing, 
injection angles (axial inclination and spanwise rotation), and hole shapes. Shaped refers 
to the trapezoidal hole exit described previously (Figure 4). Cylindrical and conical hole 
shapes (Figures 2 and 3) were also tested. 
Another independent test variable was mainstream flow Mach number , as indicated by the 
terms inside the boxes in the Figure 13. Both subsonic (.37) and supersonic (1.57) 
mainstream velocities were tested to ensure applicability of results to regions both 
upstream and downstream of the nozzle throat. 
Primary (mainstream simulation) and secondary (cooling flow) test conditions were as 
follows: 
• Total pressures: 
Primary P1 = 40 psia, Secondary P1 varied 
• Total Temperatures: 
Primary T1 = 600°F, Secondary T1 = 68° to l 76°F (coolant supply plenum) 
• Flowrates: 
Primary W=I0.5 lbm/sec (subsonic), 14.2 lbrn/sec (supersonic) 
Secondary varied 
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The secondary coolant flow temperature at the panel is warmer than supplied by the facility 
because of heat transfer within the coolant supply plenum. The lower the coolant flow the 
greater its temperature rise. 
Cooling Effectiveness - Figure 14 shows the overall cooling effectiveness vs. row number. 
The different lines on each plot are for the different EDR's (data recordings) which 
correspond to the various blowing parameters. Table I, Appendix B, lists the EDR's and 
corresponding blowing parameters. All panels exhibit a cooling effectiveness drop at the 
trailing edge. The drop is a result of panel edge temperature rise due to conduction from 
the warmer rig to the colder test specimen and from locally warmer coolant flow. This 
applies at the leading edge as well. 
Figure 15 shows the film cooling effectiveness vs. row number. An important result 
shown by this data is that most panels show no peak cooling effectiveness vs. number of 
rows. In other words, if a given panel was longer, and hole spacing and hole diameter were 
held constant, then there would be an increased number of film cooling rows and the peak 
cooling effectiveness measured vs. number of rows would be higher. The absence of film 
cooling effectiveness decrease downstream of a cooling hole row indicates that film 
performance was not completely separated from other forms of heat transfer. An 
interaction between supersonic mainstream flow and cooling effectiveness distribution 
with rows is evident in Figure 14(b) and (e) and in Figure 15 (b) and (e), especially at 
lower blowing parameter values. 
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Peak Cooling Effectiveness vs. Blowing Parameter - Figure 16 shows the g overall 
cooling effectiveness (from TJ vs. row number plots) vs. the traditional blowing parameter 
(BP). Figure 17 shows these peak overall cooling effectiveness values vs. BPTRAN, 
which is based on total coolant flow per unit surface area. BPTRAN must be used to 
compare different spacing to diameters to one another in terms of how much total flow 
they use. 
Peak Cooling Effectiveness Comparisons for Parametric Effects - Figures 18-23 show 
comparisons between test panels which have parametrically varied features. These features 
include hole spacing to diameter ratio, hole discharge angle, spanwise hole rotation angle, 
hole shape, and free stream Mach number. Both peak overall cooling effectiveness and 
peak film cooling effectiveness vs. both traditional blowing parameter and total flow 
blowing parameter data are presented. 
For the most part, the data trends are self evident; however, some important features will 
be discussed. First, Figures 18 and 19 show the increase of peak cooling effectiveness with 
reductions in hole space-to-diameter ratio, SID. Second, the hole discharge inclination 
angle (Figure 20) does not affect cooling effectiveness significantly until the discharge 
angle reaches 20°. Increasing the compound (spanwise) hole rotation from 0° to 45° 
(Figures 21 and 22) significantly increases cooling effectiveness at higher (10-15) spacing 
to diameter ratios. Figure 23 shows the effect of hole shaping on cooling effectiveness. 
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Clearly, hole shaping significantly impacts cooling effectiveness and can probably be 
optimized to further improve on the current results. Cooling effectiveness is progressively 
improved for hole shape data comparisons of cylindrical, trapezoidal shaped, and conical 
holes. Finally, the Mach number effects shown in Figure 24 show significant peak cooling 
effectiveness improvements when the mainstream flow is supersonic. The supersonic 
values would be slightly higher if mainstream recovery temperatures were used instead of 
total temperature. 
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SUMMARY OF RESULTS AND RECOMMENDATIONS 
Summary of Results - An experimental investigation was performed to determine the 
effects of cooling hole geometry, mainstream Mach number and blowing parameter on the 
cooling effectiveness of several multihole film cooling schemes. Test specimens were 
fabricated from a low thermal conductivity material which supported temperature gradients 
along the panels. These temperature gradients are the result of film effectiveness buildup 
which is a function of number of film cooling rows. This film effectiveness buildup did 
not peak by the last row for most panels tested. Also, cooling effectiveness was 
significantly higher at supersonic free stream Mach number than at subsonic conditions. 
In general, hole shaping, decreased spacing to diameter ratio, decreased hole inclination 
angle, and rotating cooling flow across the mainstream all tend to increase cooling 
effectiveness. In addition to the cooling effectiveness data, a thermal imaging data 
acquisition and reduction method was created and successfully implemented. This system 
now allows for timely, cost effective and accurate mapping of AFCR test specimen 
temperatures. 
Recommendations - Recommendations based on results of this ground-breaking AFCR 
test are organized into two main areas. The first group relate to new test configurations or 
test conditions, and the second group to the rig's instrumentation, data acquisition, and data 
reduction techniques. 
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Longer test specimens should be tested to determine when cooling effectiveness peaks vs. 
number of rows. This could also be achieved by reducing effective hole diameter and 
increasing number of rows with the current length if longer specimens cannot be 
facilitated with the existing rig geometry. 
Cooling effectiveness should also be measured over a much wider range of free stream 
conditions, such as turbulence level and higher Mach numbers. These free stream 
conditions greatly affect mixing rates between the cool "bounding layer" and the hot 
mainstream. Difference in the free stream values between rig and engine conditions could 
significantly impact cooling effectiveness values. 
Finally, advanced hole shapes, designed to discharge coolant air to minimize mixing, show 
significant potential to achieve improved cooling effectiveness levels with less coolant air. 
Advanced hole shapes should therefore be developed and tested. 
Data quality and timeliness could be improved by a few data acquisition and reduction 
advancements. First, connecting the computer video capture electronics directly to the 
thermal imaging camera, combined with software to automatically record and average all 
15 images together, will significantly speed data acquisition and reduction. Furthermore, 
this will also increase data quality by eliminating the need to record data images on video 
tape, which results in loss of image clarity. 
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The method of measunng adiabatic surface temperatures (i.e. film effectiveness) 
downstream of the test panels should be modified. The ceramic well T/C's did not 
adequately insulate the flowpath surface from heat conducted from the rig's metal walls. 
Because of this, the ceramic well T/C's did not measure a surface temperature which was 
sufficiently close to adiabatic wall temperature. The ceramic wells should be replaced 
with either lower thermal conductivity wells or a low thermal conductivity ceramic wall 
embedded in the metal wall. 
Insulation should be inserted at the flange connection between the test section and the 
coolant plenum and on the inside plenum walls to reduce coolant heating at low coolant 
flows. 
The addition of cooling holes to a surface could affect the emissivity. Emissivities of the 
test panels including the metal calibration panel should be measured to verify the rig 
temperature reflection correction. 
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APPENDIX A 
SYMBOLS 
Cross-sectional area 
Pixel Area 
Surface area 
Blowing parameter 
Total (transpiration) blowing parameter 
Configuration factor from rig to panel 
Camera power setting (amplification) 
Specific heat 
Hole diameter 
Data recording number 
Cooling effectiveness 
Pixel gray value 
Pixel gray value for high CPS 
Pixel gray value for low CPS 
Convective heat transfer coefficient 
Radiation intensity for a blackbody, 8 - 12 µm band. 
Thermal conductivity 
Length 
Nusselt number 
Prandtl number 
Total pressure 
Heat flux 
Radiant heat flux between pixel and detector 
Reynolds number 
Spanwise spacing between holes 
Hole spacing to diameter ratio, SID 
Stanton number 
Temperature 
Static temperature 
Total temperature 
Thermocouple 
Thickness of sample panel 
Flowrate 
Axial distance in primary flow direction 
Emissivity or emittance 
Cooling effectiveness 
Dynamic viscosity 
Reflectivity 
Transmissivity or transmittence 
Solid angle 
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Subscripts: 
ap approach 
aw adiabatic wall 
C coolant 
Ci coolant hole inlet 
Co coolant hole outlet 
e effective panel conduction boundary 
FD fully developed flow 
f film 
G gas 
H hole 
oa overall 
P panel 
R ng 
Refl reflected 
T total 
W window 
I adiabatic boundary 
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APPENDIXB 
EDR DESCRIPTIONS 
Table I gives the blowing parameters and Mach numbers for all the data recording 
numbers, EDR. Some additional panel information such as number of rows, number of 
holes, hole exit area, and hole-pattern surface area is included. Hole exit area is the 
average surface area for an individual hole as it cuts the panel surface. For cylindrical 
holes, this would be the hole cross-sectional area based on average diameter divided by the 
sine of the average inclination angle. 
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TABLE I 
EOR DESCRIPTIONS 
Run 12: SD10-20 X O Cylindrical, 27 Rows, 689 Holes, 
0.000911-in.2 Hole Exit Area, 24.78 -in. 2 Surface Area. 
EDR BP Mach No. 
372 0.0000 0.379 
373 0.0000 0.370 
374 0.0000 0.371 
375 0.0983 0.370 
376 0.1057 0.372 
377 0.2427 0.372 
378 0.2433 0.384 
379 0.4726 0.377 
380 0.4783 0.375 
381 0.6082 0.374 
382 0.5999 0.379 
383 0.8560 0.368 
384 0.8443 0.373 
385 1.0719 0.376 
386 1.0867 0.369 
387 1.4324 0.372 
388 1.4206 0.375 
389 1.8245 0.373 
390 1.8165 0.372 
391 1.7918 0.378 
392 2.0759 0.368 
393 2.0793 0.366 
Run 13: SD10-20 X O Cylindrical, 27 Rows, 689 Holes, 
0.000911-in. 2 Hole Exit Area, 24.78 -in. 2 Surface Area. 
EDR BP Mach No. 
395 
396 
397 
398 
399 
400 
401 
402 
403 
404 
0.0000 
0.0000 
0.5628 
0.5675 
1.0087 
1.0221 
l. 4559 
1.4089 
2.0668 
2.0820 
100 
0.299 
0.299 
0.303 
0.298 
0.297 
0.293 
0.372 
0.387 
0.372 
0.370 
TABLE I - Con't 
EDR DESCRIPTIONS 
Run 14: SD15-20 XO Cylindrical, 19 Rows, 314 Holes, 
0.000836-in. 2 Hole Exit Area, 25.85 -in. 2 Surface Area. 
EDR BP Mach No. 
405 0.1506 0.381 
406 0.0000 0.380 
407 0.0000 0.377 
408 0.1876 0.379 
409 0.5301 0.369 
410 0.5420 0.378 
411 0.5571 0.371 
412 0.7901 0.381 
413 0.7781 0.378 
414 1. 0797 0.371 
415 1.0673 0.375 
416 1. 2768 0.384 
417 1.2966 0.380 
418 1.5812 0.375 
419 1. 5720 0.377 
420 1.8660 0.375 
421 1. 8608 0.374 
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TABLE I - Can't 
EDR DESCRIPTIONS 
Run 15: S05-20 XO Cylindrical, 53 Rows, 3201 Holes, 0.000836-in.2 Hole Exit Area, 
29.18 -in.2 Surface Area, (Metal Calibration Panel) 
EDR PB Mach No. 
427 0.0084 0.380 
428 0.0000 0.375 
429 3.7553 0.341 
430 3.6839 0.342 
431 0.6366 0.369 
432 0.6438 0.368 
433 0.4947 0.373 
434 0.4942 0.369 
435 0.3893 0.363 
436 0.3750 0.371 
437 0.2902 0.370 
438 0.2868 0.375 
439 0.2345 0.369 
440 0.2350 0.369 
441 0.1895 0.376 
442 0.1939 0.366 
443 0.1620 0.375 
444 0.1629 0.370 
445 0.1051 0.378 
446 0.1108 0.371 
447 0.0744 0.376 
448 0.0785 0.372 
449 0.0763 0.370 
450 0.0744 0.382 
451 0.0490 0.374 
452 0.0493 0.357 
453 0.0353 0.364 
454 0.0338 0.370 
455 0.0258 0.377 
456 0.0232 0.368 
457 0.0124 0.365 
458 0.0173 0.369 
459 0.0085 0.374 
460 0.0191 0.375 
461 0.0226 0.375 
462 0.0088 0.364 
463 3.7356 0.335 
464 3.7013 0.343 
465 0.1070 0.375 
466 0.1088 0.368 
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TABLE I - Con't 
EDR DESCRIPTIONS 
Run 16: SDS-20 X O Cylindrical. 53 Rows, 2727 Holes. 
0.000836-in. 2 Hole Exit Area, 24.32-in. 2 Surface Area .. 
EDR BP Mach No. 
467 0.0404 0.380 
468 0.0375 0.375 
469 2.1148 0.362 
470 2.1253 0.359 
472 0.0167 0.362 
473 0.0224 0.376 
474 0.0254 0.369 
475 2.0902 0.362 
476 2.1464 0.351 
477 1.5773 0.359 
478 1.5923 0.361 
479 1.1925 0.366 
480 1.1888 0.368 
481 0.8005 0.364 
482 0.7966 0.371 
483 0.5865 0.370 
484 0.5917 0.368 
485 0.3957 0.375 
486 0.3993 0.371 
487 0.2045 0.371 
488 0.2140 0.370 
Run 17: S010-30 X O Cylindrical, 28 Rows, 714 Holes. 
0.000509-in.2 Hole Exit Area, 25.51-in.2 Surface Area. 
EDR BP Mach No. 
489 0.1262 0.374 
490 0.1173 0.373 
491 1. 8122 0.369 
492 1.7924 0.373 
493 1. 3961 0.367 
494 1.3776 0.373 
495 1. 2060 0.372 
496 1.2033 0.373 
497 1.0250 0.373 
498 1.0280 0.368 
499 0.8029 0.373 
500 0.8082 0.370 
501 0.6069 0.373 
502 0.6030 0.376 
503 0.3970 0.375 
504 0.3971 0.372 
505 0.1961 0.379 
506 0.2013 0.379 
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TABLE I -Con't 
EDR DESCRIPTIONS 
Run 18: S010-45 X O Cylindrical, 30 Rows. 765 Holes, 
0.000403-in.2 Hole Exit Area. 27.32-in.2 Surface Area. 
EDR BP Mach No. 
507 0.0696 0.375 
508 0.0970 0.382 
509 0.1133 0.375 
510 2.0019 0.364 
511 2.0059 0.362 
512 1.5865 0.373 
513 1.5996 0.370 
514 1.2110 0.372 
515 1.2309 0.365 
516 0.9869 0.378 
517 0.9933 0.374 
518 0.7956 0.375 
519 0.7904 0.376 
520 0.6097 0.377 
521 0.6147 0.371 
522 0.6186 0.372 
523 0.3988 0.369 
524 0.3866 0.381 
525 0.2010 0.377 
526 0.1982 0.374 
Run 19: S010-90 XO Cylindrical, 30 Rows, 765 Holes. 
0.000254-in.2 Hole Exit Area. 27.26-in.2 Surface Area. 
EDR BP Mach No. 
530 0.0897 0.381 
531 0.1106 0.377 
532 2.1989 0.374 
533 2.2983 0.355 
534 1.6009 0.375 
535 1.6187 0.370 
536 1.2276 0.368 
537 1.2418 0.362 
538 0.8132 0.374 
539 0.8141 0.375 
540 0.5963 0.373 
541 0.5928 0.375 
542 0.4010 0.379 
543 0.3991 0.371 
544 0.4108 0.365 
545 0.1994 0.372 
546 0.1997 0.380 
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TABLE I - Con,t 
EDR DESCRIPTIONS 
Run 20: SDS-20 X 45 Cylindrical. 58 Rows. 2793 Holes. 
0.000836-in.2 Hole Exit Area, 25.235-in.2 Surface Area. 
EDR BP Mach No. 
547 0.0308 0.378 
548 0.0291 0.373 
549 0.0154 0.379 
550 2.2436 0.349 
551 2.2259 0.352 
552 2.2127 0.356 
553 1. 5849 0.365 
554 1.6260 0.358 
555 1.2002 0.370 
556 1. 2227 0.361 
557 0.8024 0.369 
558 0.5771 0.363 
559 0.5707 0.367 
560 0.4056 0.373 
561 0.4081 0.371 
562 0.2076 0.365 
563 0.2064 0.368 
Run 21: S010-20 X 45 Cylindrical. 29 Rows, 725 Holes. 
0.000911-in.1 Hole Exit Area, 25.51-in.z Surface Area. 
EDR BP Mach No. 
565 0.0955 0.372 
566 0.1021 0.378 
567 0.1808 0.367 
568 0.1700 0.362 
569 0.0000 0.000 
570 0.0000 0.000 
571 25.2170 0.043 
572 8.5474 0.050 
573 0.0000 0.377 
574 0.0383 0.379 
575 2.3877 0.369 
576 2.3885 0.369 
577 1.7846 0.371 
578 1. 7631 0.376 
579 1.3124 0.370 
580 1. 3130 0.370 
581 1.0447 0.365 
582 1. 0311 0.370 
583 0.8062 0.373 
584 0.8281 0.365 
585 0.8106 0.374 
586 0.6013 0.375 
587 0.6130 0.369 
588 0.4124 0.381 
589 0.4221 0.368 
590 0.2029 0.373 
591 0.1986 0.374 
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TABLE I· Con't 
EDR DESCRIPTIONS 
Run 22: SD15-20 X 45 Cylindrical, 20 Rows, 330 Holes., 
0.000836-in.2 Hole Exit Area. 27.33-in.2 Surface Area. 
EDR BP Mach No. 
592 0.2066 0.380 
593 0.0000 0.378 
594 2.1012 0.367 
595 2.0514 0.379 
596 1. 6129 0.368 
597 1.6180 0.369 
598 1. 3266 0.372 
599 1.3232 0.371 
600 1.0255 0.377 
601 1.0466 0.372 
602 0.8016 0.374 
603 0.7865 0.376 
604 0.6477 0.370 
605 0.6683 0.357 
606 0.4629 0.370 
607 0.4319 0.382 
Run 23: SD10-20 X O Trapezoidal Shaped. 27 Rows, 689 Holes, 
0.0005655-in.2 Hole Exit Area. 24.53-in.2 Surface Area. 
EDR BP Mach No. 
609 0.0706 0.370 
610 0.0711 0.366 
611 0.0404 0.374 
612 2.8526 0.360 
613 2.8154 0.364 
614 2.2518 0.366 
615 2.2222 0.371 
616 1.6128 0.374 
617 1.6331 0.369 
618 1. 0215 0.371 
619 1. 0149 0.373 
620 0.8453 0.360 
621 0.8165 0.374 
622 0.6130 0.379 
623 0.6335 0.363 
624 0.4245 0.368 
625 0.4140 0.377 
626 0.2233 0.372 
627 0.2080 0.373 
628 0.2204 0.364 
629 0.2139 0.368 
630 0.1964 0.370 
631 0.4191 0.359 
632 0.4146 0.367 
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TABLE I - Con't 
EDR DESCRIPTIONS 
Run 23: Con't 
EDR BP Mach No. 
633 2.7730 0.246 
634 2.6984 0.244 
635 2.2374 0.251 
636 2.3433 0.248 
637 1.7661 0.249 
638 1.6847 0.252 
639 1.2715 0.247 
640 1.3052 0.249 
641 1.0100 0.250 
642 0.9900 0.245 
643 0.7521 0.251 
644 0.7809 0.252 
645 0.5097 0.248 
646 0.4846 0.252 
647 0.2504 0.250 
648 0.2705 0.251 
Run 24: S015-20 XO Trapezoidal Shaped, 18 Rows, 315 Holes, 
0.0005655-in.2 Hole Exit Area, 24.63-in. 2 Surface Area .. 
EDR BP Mach No. 
657 0.1680 0.375 
658 2.3571 0.373 
659 2.4002 0.365 
660 1.8143 0.369 
661 1.7915 0.375 
662 1.4211 0.365 
663 1.4012 0.367 
664 0.9891 0.379 
665 1.0163 0.372 
666 0.7902 0.371 
667 0.8031 0.361 
668 0.6182 0.375 
669 0.6046 0.373 
670 0.4063 0.378 
671 0.4275 0.369 
672 0.3785 0.371 
673 0.1996 0.362 
674 0.2160 0.376 
675 0.2544 0.378 
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TABLE I - Con't 
EDR DESCRIPTIONS 
Run 25: SD10-20 X O Conical Shaped, 27 Rows, 689 Holes. 
0.0005105-in.2 Hole Exit Area. 24.48-in.~ Surface Area .. 
EDR BP Mach No. 
677 0.0775 0.374 
678 0.0452 0.367 
679 2.6593 0.374 
680 2.7114 0.366 
681 2.2238 0.368 
682 2.2067 0.371 
683 1.7263 0.369 
684 1.7284 0.370 
685 1. 2073 0.372 
686 1. 2059 0.371 
687 1.0078 0.369 
688 0.9919 0.375 
689 0.8088 0.368 
690 0.8076 0.369 
691 0.5916 0.370 
692 0.5983 0.365 
693 0.3950 0.372 
694 0. 3909 0.376 
695 0.2241 0.374 
696 0.2318 0.376 
Run 28: SD5-20 X O Cylindrical Shaped, 53 Rows, 2727 Holes. 
0.000836-in.2 Hole Exit Area. 24.32-in.2 Surface Area .. 
EDR BP Mach No. 
713 0.0256 1.549 
714 0.0082 1. 586 
715 0.8258 1.556 
716 0.8203 1.556 
717 0.7153 1.582 
718 0.6985 1.554 
719 0.6124 1.576 
720 0.6037 1. 579 
721 0.5119 1.573 
722 0.5189 1. 577 
723 0.4004 1.577 
724 0.3972 1.577 
725 0.2980 1.566 
726 0.2988 1.593 
727 0.2016 1.580 
728 0.2011 1.572 
729 0.1013 1.565 
730 0.1054 1. 600 
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TABLE I - Con't 
EDR DESCRIPTIONS 
Run 29: SD10-20 X o Cylindrical Shaped, 27 Rows, 689 Holes, 
0.000911-in.2 Hole Exit Area, 24.78-in.2 Surface Area. 
EDR BP Mach No. 
732 0.0000 1. 562 
733 0.0649 1. 570 
734 0.8322 1. 585 
735 0.8223 1.575 
736 0.6855 1. 570 
737 0.6857 1. 572 
738 0.6691 1. 553 
739 0.6042 1. 576 
740 0.5981 1. 550 
741 0.5000 1. 577 
742 0.4940 1.565 
743 0.3985 1. 570 
744 0.3960 1.575 
745 0.2966 1.581 
746 0.2979 1.569 
747 0.3053 1.585 
748 0.2117 1. 581 
749 0.2014 1. 563 
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